ment of graft function. For this purpose, we present the anatomic findings in the cardiac allografts of 12 patients who have died subsequent to cardiac transplantation at the Stanford Medical Center.
Methods
The operative technics, methods of diagnosis of rejection, and immunosuppressant management employed in this series of cardiac transplants have been previously described. [1] [2] [3] Fourteen tissue specimens from 12 patients, including 12 cardiac allografts obtained at autopsy, one surgically removed allograft, and one biopsy were studied. In all but one case tissue was obtained within 1 hour of removal or death. The hearts removed at necropsy were opened along the lines of blood flow and examined grossly with particular reference to the blood supply of the conduction system. Blocks of fresh tissue were fixed in glutaraldehyde and prepared for electron microscopy by conventional technics or snapfrozen for immunofluorescent staining. Further blocks were taken for routine light microscopy, were fixed in 10% formalin, Zenker's solution, or Camoy's solution and were subsequently stained with hematoxylin and eosin. Selected sections were also stained with periodic acid-Schiff's reagent (PAS), elastic van Gieson, Mason's trichrome, phosphotungstic acid hematoxylin (PTAH), reticulin, Gram's, and methenamine silver stains. The remainder of the heart was placed in buffered 10% formalin, and following fixation, blocks of tissue containing the atrioventricular conduction system were removed, sectioned subserially, and stained with hematoxylin and eosin.
Fluorescein-conjugated, immunoelectrophoreticspecific goat anti-human IgG, IgM, and ,llC/,llA (C3) antisera* were used for immunofluorescence studies. The titers of precipitating activity with normal human serum, as determined by six-well, double diffusion technics (Ouchterlony), were 1:32, 1:16, and 1:32, respectively, and dilutions used for staining were 1:16, 1:8, and 1:16, respectively. In each instance sections of normal heart were stained for background fluorescence control. All histologic lesions were semi-quantitatively assessed on a 1 to 4+ scale, with 1+ representing the mildest forms of the lesions and 4+ the most severe. Assessment of the conduction system was based on findings in the atrioventricular node, the main conduction bundle, and the bundle branches. Accurate observation of the sino-atrial node was uncertain because of its proximity to the atrial suture line.
Sex chromatin determinations on proliferating intimal tissue and endothelium were performed on three patients receiving allografts from the opposite sex. Large numbers of coronary artery endothelial cells were processed for sex chromatin counts by the en face technic of Poole and associates. 4 The counts were performed in a double-blind fashion by three experienced observors.
Results
The general morphologic features of cardiac allograft rejection as well as clinical data are presented in tables 1 to 4. The morphologic findings described below were not detected in recipient atria and represent, to the best of our knowledge, immunologic injury. Not described here are thrne allograft infections which included aspergillosis in two cases (cases 1 and 18) and toxoplasmosis in one (case 6). Gross Findings Allografted hearts from patients who succumbed with clinical signs of acute rejection were dark red, edematous. and enlarged. Right ventricular dilatation was usually prominent, but the left ventricular cavity was often compromised by concentric myocardial edema. Superficial, occasionally confluent, subendocardial hemorrhage was frequent, and fibrinous or fibrous pericarditis was constant. The heart valves were usually thin, delicate, and transparent, but some showed mild edematous changes. Coronary artery thrombosis was not evident. In older allografts narrowing of coronary arteries was frequently visible. In the absence of clinical signs of acute rejection, fibrinous pericarditis (or its fibrous residue) was the only constant finding. Intramyocardial coronary artery in severe acute rejection (case 12). Infiltration of the media is more prominent from the adventitial side and appears limited from the tunica intima by the internal elastic membrane. H&E; X 80. Table 4 Direct Immunofluorescence Findings* 
Microscopic Findings Coronary Vessels
The principal lesions present in the coronary vessels in their approximate chronologic order of appearance included (1) obliterative intimal proliferation which was time-dependent and more severe in allografts treated for previous acute rejection episodes.
Intimal and perivascular infiltration of mononuclear cells was present in all grafts but was more prominent in those patients dying with acute rejection ( fig. 1 ).
Infiltrates were composed primarily of large lymphocytes with abundant cytoplasm containing free ribosomes and enlarged nuclei with prominent nucleoli ( fig. 2 ). Other mononuclear cells included plasma cells with their well-developed granular endoplasmic reticulum, macrophages with numerous vesicles and dense bodies, prominent Golgi apparatus, and often ingested debris. Less frequent were small lymphocytes with dense non-nucleolated nuclei and scanty cytoplasm. IgG or IgM could be demonstrated in the cytoplasm of occasional large mononuclear cells but not within small lymphocytes. When cellular infiltration was sparse, it was localized Circulation, Volume XLI, May 1970 within the tunica intima of the larger coronary arteries and within the perivascular connective tissue of arterioles and veins. More populous infiltrates penetrated the interstitial connective tissue but always remained relatively concentrated in perivascular and intimal locations. Frequent mitotic figures suggested proliferation of the infiltrating mononuclear cells.
In the absence of clinical evidence of acute rejection, perivascular and intimal infiltrates were generally scanty and comprised primarily of small lymphocytes. The intimal infiltrate in grafts obtained in the later postoperative periods additionally contained collections of fat-filled cells (lipophages), localized to the intimal side of the elastica interna ( fig. 3 ). Sex chromatin deterrninations in cross-sex transplants indicated these lipophages were of host origin.
Endothelial cell alterations occurred with and without cellular infiltrates and when present were distributed uniformly throughout Figure 3 Chronic rejectiorn chlaniges are seetn in a lonigitnidincal sectioni of the ramnus septi fibrosi proximial to the atriovenitricn1lar node takeni from a patient dyinig 135 days after cardiac transplantation (case 5). The thickened intima is comprised of myointimal cells and contains focal collections of lipophages (seen betweern arrows and in inset). Elastic van Gieson; x 30; inset X 180. the vasculature. During acute rejection both endothelial cell hypertrophy and swelling witlh prominent cytoplasmic vesiculation often appeared to occlude small vessels ( fig. 4 ). More advanced lesions included dense body accumulations, cytoplasmic rarefaction, loss of organelles, and loss of pinocytotic activitv. Slough of eindothelium was frequent and sometimes associated with platelet aggregation and fibrin deposition.
In the absence of acute rejection the endothelium was generally intact, but slough and endothelial defects were occasionally present. Endothelial alterations seen in chronic rejection are described below with obliterative intimal thiclkening.
Thrombi were found in five allografts and were prominenit in only one ( fig. 5 ). In this patient platelet thrombi were found only within venules and veins and were associated with discrete endothelial deposits of immunoglolulins, IgG, IgM, and the third component of complement (C3) ( fig. 6 ). In every instance in which thromboses were found, other evidence of terminal acute rejection was allso present.
Ilyalitnization of the smooth muscle media of large and medium-sized coronary arteries was dne to a combination of (1) medial edema, (2) fig. 10 ). Althouigh healed vasculitis results in narrowing of vascular lumina, the lesions were focal, relatively infrequent, and did not contribuite so significantly to overall vessel narrowing as did the intimal proliferative lesions described below.
Obliterative intimal proliferation w(as due primarily to increase of intimal fibrous tissue and cells with prominent myofilaments (myointimal cells). It was limited to coronary arteries with muscular media and most strikingly narrowed the first portions of the intramyocardial branches. Proliferative changes were not present in small arterioles, venules, or veins. The degree of intimal thickening was usually constant throughout the involved coronary artery but varied within the circumference of any given segment. In this series of patients the thickness of the intima was roughly proportional to the postoperative age of the graft with increased thickness detectable as early as 9 days anId present in six of seven allografts from patients surviving 1 month or more.
In all cases in which thickening of the tunica intima was prominent, subendothelial edema and endothelial slough were more frequently observed. Endothelial cells in these cases were hypertrophied with prominent myofilaments and dense bodies. In the absence of endothelium, platelets and fibrin were found on the luminal surface of the intima ( fig. 11 ) but were an inconsistent finding. Where endothelium was intact, platelets, red blood cells, and fibrin xvere occasionally found in the edematous subendothelial space.
In early specimens (9 to 22 days) increased thickness of the intima was due partially to cellular infiltration and edema, but silver Circulanon, Volume XLI, Ma) 1970 staiins showed an abnormal increase in the amouint of intimal reticulin. In the 22 to 46day specimens the intimal infiltrates were more dense, but the numbers of myointimal cells and amount of ground substance were also increased and accounted for most of the narrowing. In the 66, 135, 136, and 280-day specimens there was a decrease in the number of large mononuclear cells infiltrating the intima but not in the numbers of small lymphocytes. In these latter vessels, large numbers of lipophages were present in the interface between the elastic interna and intima, and most of the intimal cells had lipid droplets and abundant myofilamenits, so that the intima was colored by both PTAH and Sudan B black stains ( fig. 12 ). Similar smooth muscle or myointimal cells were found p)erforating the internal elastic laimiellae as though migrating from media to intima. The remainder of the intimal tissue was comprised of fibrocytes and of a ground substance ( fig. 13 ) that was variably meta- chromatic and contained mature collagen. The collagenous ground substance was not always distributed evenly thoughout the thickened intima and occasionally presented as concentric intimal bands (fig. 14) . The elastica interna was usually only focally disrupted and intimal elastic fibers were uncommon. Cholesterol clefts were absent. Sex chromatin studies in the three patients receiving grafts from the opposite sex indicated that the endothelium, smooth muscle, and fibrous tissue cells within the intima were of donor origin. No evidence of host replacement of the vascular interface was seen ( fig.  15 ). IgG and 31C were rarely detectable in the intima of these narrowed vessels but were invariably present within the media.
Myocardiutm
The principal alterations were (1) interstitial infiltration and proliferation of mononu-clear cells, (2) interstitial edema, (3) hemorrhage, (4) myocyte degeneration and necrosis, and (5) fibrosis. With the exception of myocardial fibrosis, all of the above alterations were consistently present in patients dying with clinical evidence of acute rejection.
Interstitial infiltration and proliferation of mononuclear cells was always less promninent than that found in the adventitia and perivascular connective tissue of blood vessels. The morphology was as described for the coronary vessels.
Interstitial edema early in acute rejection simply separated the myocardial fibers without apparent effect on the interstitial connective tissue, but later there was actual swelling of the endomysial and perimysial fibroelastic tissue. Edema was usually accompanied by extravasated fibrin and occurred both in the presence and absence of cellular infiltration ( fig. 5 ). IgG or IgM was generally not recognizable in the edematous interstitium except in the proximity of coronary vessels.
IIemorrhage was either focal or diffuse. Focal hemorrhage was frequent and associated with capillary rupture. Diffuse interstitial hemorrhage was seen in only one instance in the allograft obtained from a patient dying of acute rejection on postoperative day 10 (case 11). Here it was associated with widespread venous platelet aggregates ( fig. 5 ) and an edematous interstitium rich in blood and fibrin but essentially free of immunoglobulins and cellular infiltrate. In this specimen IgG and C3 were deposited in myocardial cells, the perivasculature of large coronary arteries, and along the endothelial surfaces of all sizes of vessels ( fig. 6 ).
Myocyte degeneration was often most severe in the subendocardium, donor atria, and papillary muscles. It was manifested by (1) lipid accumulation, (2) hydropic vacuolization, (3) cytoplasmic shrinkage and hypereosinophilia, and (4) myocytolysis.
Intracellular lipid accumulation invariably accompanied any of the above degenerations and on occasion was an isolated finding. In two specimens intracellular lipid accumulation was diffuse, but in the remainder distribution was primarily in the subendocardium and papillary muscles.
Cloudy swelling of myocytes with perinu-Circulaton, Volume XL!, May 1970 clear hydropic vacuolizations was most prominent in the papillary muscles and atrial myocardium ( fig. 16 ). Ultrastructurally, the vacuoles represented focal cytoplasmic edema. Cross striations were hazy but were never entirely obliterated.
Shrinkage and hypereosinophilia was often accompanied by loss of visible striations. In these areas myocyte nuclei were often karyorrhectic or karryolytic, and infiltrating mononuclear cells were often present.
Myocytolysis was defined by segmental resorption of much of the sarcoplasm, with retention of the reticulin network, basement and plasma membranes, and cell nucleus ( fig.  16 ). This process was usually accompanied by an interstitial and intercellular infiltrate of macrophages and large lymphocytes, although these cells were often absent when resorption was complete. Evolution of this lesion to fibrosis was not clearly evident.
Deposition of immunoglobulins and complement was not present in zones of swelling and was inconsistently present in areas of hyaline degeneration or myocytolysis. Circalaion, Volume XLI, May 1970 necrotic areas were characterized by a complete hyalinization of muscle fibers, a lack of cellular infiltrate, and an absence of cytoplasmic resorption. These foci also had intracellular accumulations of PAS-positive diastaseresistant material.
Fibrosis of any marked degree was a rare finding. Focal fibrotic areas which appeared to represent healed necrotic lesions were most prominent in the subendocardium and papillary muscles. Diffuse interstitial fibrosis was a feature in only two specimens (the two longest survivors) and in both instances was mild.
Conduction System
Within the conduction system pathologic changes usually paralleled those seen within the vasculature and myocardium, but quantitative differences existed. Cellular infiltration of the A-V node, atrioventricular conduction bundles, and bundle branches was frequently more prominent than in the immediately adjacent ventricular myocardium, and was particularly prominent in patients dying of acute rejection. Cloudy swelling and perinuclear hydropic vacuolization also occurred within the A-V node and main conduction bundles without comparable lesions in the adjacent ventricular myocardium. Frank necrosis, seen in two instances, was limited primarily to the A-V node and atrioventricular conduetion bundles. Subtotal obliteration of the A-V nodal artery or its arteriolar branches was observed in five instances. In those specimens with prominent edema and heavy cellular infiltration, endothelial cell swelling often caused narrowing of the smaller arteriolar branches and capillaries within the conduction tissue. In older specimens thickening of the tunica intima uniformly caused narrowing or even total obliteration of the main A-V nodal artery ( fig. 17 ).
V7alves
Significant valvular injury, including thrombi or vegetations, was not seen. Occasional grafts showed mild cellular infiltration and edema, without predilection for any particular valve, but the endothelium was always intact.
In the two oldest specimens a very mild degree of mitral and tricuspid subvalvular fibrosis was demonstrable.
Discussion
Histologic examination of human cardiac allografts, canine cardiac allografts, and sequential canine cardiac allograft biopsies has demonstrated that a predictable sequence of immunopathologic graft reactions occurs following cardiac transplantation.2 5-8 Although these lesions are similar to those described for other solid organ grafts, the functional consequences are to varying degrees organ-specific and have been the subject of previous publications.2 9 On the basis of our observations we propose the following morphologic classification of cardiac allograft rejection, based on Lindquist's characterization of renal In the nonsensitized host initial cardiac allograft changes include intravascular margination and extravasation of lymphocytes and macrophages with simultaneous endothelial cell damage. Increased vascular permeability is evidenced by extravasated edema fluid, platelets, fibrin, and blood. The role of antibodies in this stage of rejection remains uncertain. Very early in acute rejection IgG is demonstrable only within the cytoplasm of invading mononuclear cells, but when acute injury is well developed IgG and 31C are found in the perivascular connective tissue of arteries and arterioles, within the media of larger coronary arteries. and focally within myocardial fibers. Intimal deposition of immunoglobulin is rarely seen. Deposition of IgG in vascular media or within myocardial fibers is nearly always associated with severe degeneration of necrosis of these structures. In none of the patients have circulating antibodies been detected by indirect immunofluorescent technies in the serum samples collected frequently throughout the postoperative course. With advancing rejection progressive vascular injury leads to myocytic accumulation of lipid and necrosis. The predominant localization of myocardial damage to the subendocardial regions. and papillary muscles favors the hypothesis that ischemia secondary to vascular occlusion or narrowing is the primary mechanism of injury. Early and severe involvement of the conduction system in the rejection process may be related to the increased vascularity of the A-V node and conduction bundle as well as the subendocardial location of the bundle branches." ' 12 These pathologic changes are reflected clinically in a variety of electrophysiologic, anatomic, and functional disturbances. Increasing myocardial edema is associated with a characteristic decrease in electrocardiographic voltage, increased total heart size, and left ventricular wall thickness as determined by ultrasound cardiography, and an early diastolic gallop rhythm with restriction of ventricular filling. rejection and is manifested by a wide variety of arrhythmias.2 11 From the therapeutic standpoint all of these findings may occur prior to overt heart failure and can be reversed by appropriate immunosuppressant therapy.3 It has also been demonstrated by sequential biopsy studies of canine cardiac allografts that the interstitial edema and cellular infiltration, which are hallmarks of early acute rejection in the nonsensitized host, as well as the clinical correlates that we have discussed, are reversible.6, 15 However, the separation of reversible from irreversible morphologic ehanges during rejection is not entirely clear. Evidence from study of renal homografts in rejection suggests that the presence of medial necrosis is an ominous prognostic sign,"' and our single biopsy study The morphologic alterations occurring in cardiac or renal allografts following transplantation into a presensitized host are characterized by rapidly increasing vascular permeability with profuse extravasation of blood and fibrin. '5' 7 Multiple venous occlusions by platelet aggregates or fibrin thrombi are nearly always present, but mononuclear cell infiltration is sparse. The histopathologic findings in the graft of one patient in this series suggested accelerated graft rejection, although lymphocytotoxic antibodies were not demonstrated preoperatively in the patient's serum against either donor cells or a random panel. In this specimen there was marked interstitial hemorrhage with widespread venous dilatation and thrombosis due to platelet aggregates. IgG, IgM, and /31C/,f1A were detected along endothelial surfaces throughout the coronary vasculature. Incubation of donor heart tissue, snap-frozen at time of surgery, with dilute, normal, and concentrated pretransplant and posttransplant recipient sera revealed no evidence of specific immunoglobulin deposition. In this patient the clinical diagnosis of rejection, by previously outlined criteria,2 was made on the fourth postoperative day. Deterioration of myocardial function, however, was progressive and refractory to massive immunosuppressant therapy. 3 The pathophysiology of accelerated cardiac rejection, diagnosed in this case on the basis of histopathologic manifestations, has not been well established. Its occurrence in this instance remains unexplained.
Chronic Rejection
The sequential histologic events leading to chronic rejection injury of cardiac grafts are not well documented. Most lesions present in patients dying one to several months after cardiac transplantation indicate that there is fibrous repair of previous acute injury. In this series of patients, obliterative intimal proliferation was detected in six of seven grafts examined later than 1 month after operation and was most severe in the three longest survivors. Two of the latter had numerous acute rejection episodes (four each), but the third had no detectable clinical evidence of rejection. In these three, the number of rejection episodes appeared to be reflected in the intimal morphology. In the two having numerous rejection episodes concentric alternating bands of intimal collagen and altered smooth muscle could be seen (figs. 13 and 14) , whereas in the patient without evidence of rejection, the thickened intima was composed of a uniform population of myointimal cells.
Although the immunopathologic mechanisms responsible for the development of obliterative intimal proliferation are unclear, several features deserve emphasis: (1) Thickening of the tunica intima by fibrous tissue and smooth muscle was limited to coronary arteries with prominent smooth muscle media.
(2) Endothelial slough, surface platelet aggregates, and fibrin thrombi were not consistently present in these vessels. ( 3) The thickened intima was invariably infiltrated by host cells, which were mostly large mononuclear cells in acute rejection and small lymphocytes in the chronic stage. Our studies indicate that the endothelium, proliferating fibrocytes, and myocytes within the tunica intima are of donor origin, in contrast to other evidence suggesting that these layers are of host origin. 18' 19 (4) In patients dying from severe chronic rejection injury, deposition of IgG and /31C was usually quantitatively less than that seen in severe acute rejection or was absent entirely. In one exception (case 6) heavy staining for IgG was present in areas of muscle necrosis and within the media of coronary arteries. It may be significant that this patient represented the only instance in which circulating antibodies cytotoxic for donor lymphocytes were detected in late posttransplantation sera.
Intimal thickening by the proliferation of altered smooth muscle cells is a nonspecific reaction of arteries to many sorts of injury, including direct physical trauma, ligation, hypertension, and hypoxia. These myointimal cells seem prone to fatty degeneration, and lipophage infiltration is evoked by their rupture, simulating spontaneous atherosclerosis. The role of serum lipids in the development of this condition is not clear. Thomson20 has described severe, generalized atherosclerotic lesions in the cardiac allograft obtained from one hypercholesterolemic patient 19 months after transplantation. The intimal fatty lesions we have observed are occasionally striking, but we have not seen substantial quantities of extracellular lipid or cholesterol clefts. Neither have we been able to make a correlation between the serum lipid levels and the degree of intimal fatty change. The two patients with the most prominent fatty lesions had posttransplantation cholesterol and triglyceride levels which were not generally elevated (case 5, cholesterol 280 mg/100 ml, triglyceride 87 mg/100 ml; case 9, cholesterol 170-260 mg/100 ml, triglyceride 74-164 mg/ 100 ml). Although the intimal lesions have features in common with atherosclerosis, they also closely resemble an exaggeration of those seen in active rheumatic carditis.2' Comparable lesions have beenobserved in other visceral allografts and involved 69.7% of a series of cadaver-derived renal allografts. The etiology remains unknown. Kosek and associ-ates5' 6 suggested that it represents reparative reaction to recurrent intimal trauma of immune origin. Others have suggested organization of recurrent thrombi on the intimal surface, and Kincaid-Smith22 has advocated the use of antithrombogenic drugs and anticoagulant therapy in renal graft recipients for this reason. Our morphologic findings are consistent with both viewpoints, and we consider it likely that these two processes are simultaneously ongoing.
The physiologic and functional manifestations of acute cardiac rejection injury are now sufficiently well recognized to allow effective immunosuppressive therapy of most rejection episodes.3 Most patients were treated successfully for acute rejection on two or more occasions after operation. Of the 12 deaths in the total series, three were due to uncontrolled rejection and two to combined rejection and drug complications. Although evidence of some degree of rejection was present in the grafts of the remaining seven patients, all died of separate intercurrent causes which are listed in table 1. These data imply that, with currently available methods of immunosuppression, most of the histopathologic lesions described above for acute rejection can be reversed or healed.
A less optimistic view, however, must be taken of chronic changes which occur in the cardiac allograft, in particular, obliterative arterial intimal proliferation. In neither of the three patients whose grafts at postmortem examination showed the most severe degree of this lesion were diagnostic signs of rejection recognized in numerous electrocardiograms, exercise electrocardiograms, exercise tolerance tests, ballistocardiograms, and ultrasound cardiograms. In one (case 9) the occurrence of multiple arrhythmias, including unstable do-Ci'rculation, Volume XLI, May 1970 nor sinus node function as well as first and second degree heart block, suggests that the effects of obliterative arteritis may occasionally be expressed preferentially in conduction system dysfunction. The immediate cause of death in this individual was an apparent Stokes-Adams attack. In another (case 15) hypotension suggested poor myocardial function possibly due to infringement of the coronary blood supply. These preliminary data indicate that obliterative intimal proliferation may emerge as the limiting factor in cardiac allograft survival.
The small number of patients in this series did not permit a meaningful correlation of histocompatibility with postmortem morphologic findings. No relationship, however, was apparent between the number of mismatches or specific human leukocyte antigens mismatch and severity of rejection injury (table 1).
